The ETS transcription factor family is characterized by a conserved ETS DNA-binding domain and its members have been implicated in a plethora of biological processes, including development, cell transformation and metastasis. ER71 is a testisspecific ETS protein that is not homologous to any other protein outside its ETS domain, suggesting that it fulfills a unique physiological role. Here, we report that ER71 is a constitutively nuclear protein whose intracellular localization is dependent on a portion of the ETS domain, namely ER71 amino acids 276-315. Furthermore, the DNA binding activity is intramolecularly regulated, as the N-terminus of ER71 has a negative effect on DNA binding while the C-terminus dramatically enhances this activity. We also demonstrate that ER71 possesses an extremely potent N-terminal transactivation domain comprised of amino acids 1-157. Finally, we show that ER71 is capable of directly activating both an E74 site-driven and the matrix metalloproteinase-1 promoter. Altogether, these data represent the first functional characterization of ER71, which may perform important functions in the developing and adult testis as well as in testicular germ cell tumorigenesis.
INTRODUCTION
Proteins that belong to the ETS family of transcription factors share a conserved DNA-binding region of ∼85 amino acids which binds to target sequences encompassing the purine-rich motif 5′-GGA(A/T)-3′. ETS factors have been implicated in a wide array of biological processes, including skeletal development, neural synapse formation, hematopoiesis, immunomodulation, tumorigenesis and metastasis (1) (2) (3) .
One of the most prevalent questions about ETS transcription factors is that of functional specificity: how do ETS proteins manage to achieve functional specificity if their DNA-binding domains and, as a consequence, the sequences that they target are highly conserved? One answer is that gene regulation by ETS proteins is highly dependent on protein-protein interactions with co-activators and other transcription factors (1, 2, 4 ). An example is provided by the interaction of the ETS factor GABP-α with its partner GABP-β, which results in the formation of a tetramer that is capable of recognizing DNA target sequences with high affinity (5, 6) . Similarly, the ETS proteins Sap-1 and Elk-1 must physically interact with the serum response factor in order to bind to and activate the c-fos protooncogene (7, 8) . In a comparable fashion, PU.1 collaborates with Pip/IRF-4 to stimulate the immunoglobulin light chain λ enhancer and up-regulates transcription of the CD20 gene (9) (10) (11) . Perhaps the best example of how protein partnerships alter the specificity of ETS factors is the cooperative DNA binding of Ets-1 with Pax-5: upon forming a ternary complex with DNA and Pax-5, Ets-1 undergoes a conformational change that enables it to interact with a non-consensus DNAbinding site (12, 13) .
Furthermore, the tissue expression pattern of a given ETS factor largely determines its biological role. While some ETS proteins, such as Ets-1, are ubiquitously expressed, others are only found in a limited number of tissues. For instance, PU.1 expression is restricted to hematopoietic cell lineages, where PU.1 is essential for differentiation of monocytes and B cells (14, 15) . Moreover, connections between sensory and motor neurons that control a common muscle are defined by the differential expression of two related ETS proteins, PEA3 and ER81, during neuronal development (16) .
Finally, the selectivity of an ETS factor for a specific promoter also depends on the context in which an ETS-binding site is found, as different ETS proteins have a different affinity for an ETS-binding site depending on the sequences that flank the 5′-GGA(A/T)-3′ core motif. For instance, whereas Ets-1 prefers to bind to 5′-ACCGGA(A/T)G(T/C)-3′ consensus sequences, the ETS protein PU.1 binds preferentially to 5′-A(G/C)(A/C/G)GGAA(G/C)T-3′ (17, 18) .
Targeted gene disruption and overexpression experiments in mice have expanded our understanding of the biological roles played by specific ETS proteins, demonstrating that different ETS factors perform distinct biological functions. For example, lack of PU.1 activity leads to severe impairment of lymphocyte development (14, 15) . Similarly, mice without the ETS protein Spi-B have hampered B cell responses (19) . PEA3 null male mice exhibit sexual dysfunction, thought to reflect an underlying neurological defect (20) , and functional connections between group Ia sensory afferent and motor neurons fail *To whom correspondence should be addressed. Tel: +1 507 266 4393; Fax: +1 507 284 1767; Email: janknecht.ralf@mayo.edu to develop in mice lacking the closely related ETS protein ER81 (21) . On the other hand, overexpression of certain ETS proteins has been associated with various diseases. For instance, transgenic mouse studies have shown that Ets-2 overexpression leads to a phenotype that is reminiscent of the one observed in Down's syndrome individuals, consistent with the location of the human Ets-2 gene on chromosome 21 (22) . Furthermore, mice that overexpress the ETS factor Fli-1 are affected by a systemic lupus erythematosus-like disorder (23) . Despite these studies, the precise role for most ETS factors remains to be elucidated.
ER71 is a member of the ETS factor family that, until now, has not been studied in detail. It is a 336 amino acid protein with a calculated molecular weight of 37.2 kDa whose expression appears to be testis-specific (6) . ER71 is a remarkably unique protein; the degree of identity between its ETS domain and those of other factors is at most 67%, while the amino acid sequences that lie outside its ETS domain do not share homology with any other protein in current databases. As a first step in understanding the role of ER71 and its mechanisms of action, we functionally dissected this ETS transcription factor in this study.
MATERIALS AND METHODS

Plasmids
Tagged versions of truncations of murine ER71 and the fulllength protein were obtained by cloning into the eukaryotic expression vectors pEVRF0-HA, pEVRF1-HA or pEVRF2-HA and pCS3 + -6 Myc, which resulted in the N-terminal fusion of either an HA (hemagglutinin) or a hexa-Myc epitope sequence. Untagged constructs were obtained by cloning ER71 into pEV3S (24) . For in vitro transcription and translation purposes, we generated a KS + vector (Stratagene) with a modified multiple cloning site providing a consensus Kozak sequence (KS + K), into which different ER71 clones were inserted. We used the pAB-Gal4-linker plasmid (25) in order to generate chimeric proteins consisting of the DNA-binding domain of the yeast GAL4 protein and C-terminally fused ER71 amino acids. As reporter constructs, we utilized GAL4 2 -tk80-Luc, E74 3 -tk80-Luc and pGL2B-MMP-1 (-525/+15) plasmids, all of which have been described before (26, 27) . The pEGFP-C1 plasmid (Clontech) was utilized to generate the green fluorescent protein (GFP) fusions, GFP-ER71 276-283 and GFP-ER71 276-315 .
Transfections
293T (human embryonic kidney fibroblasts), MLTC-1 (mouse Leydig tumor cells), Mv1Lu (mink lung) or RK13 (rabbit kidney) cells were transiently transfected by the calcium phosphate co-precipitation method. Briefly, the desired amount of the appropriate ER71 plasmid was mixed with 1 µg (or 2.5 µg in the case of MTLC-1 cells) of a reporter construct and 0.2 µg β-galactosidase expression plasmid pEQ176, together with sufficient KS + to bring the total amount of DNA to 9 µg. Subsequently, 200 µl of 250 mM CaCl 2 and 200 µl of 275 mM NaCl, 42 mM HEPES, 9.6 mM KCl, 1.5 mM Na 2 HPO 4 , pH 7.14, were added and the resulting mix distributed onto cells. Transfection was allowed to occur for 8-12 h at 37°C in 3% CO 2 . The cells were then washed twice with phosphatebuffered saline (PBS) and incubated in fresh medium for another 24-36 h at 37°C in 10% CO 2 .
Reporter gene assays
Thirty-six hours after transfection, cells were washed once with PBS and lysed in 25 mM Tris-HCl pH 7.8, 2 mM EDTA, 10% glycerol, 1% Triton X-100, 2 mM DTT for 5 min. Plates were then scraped and the extract was collected and centrifuged at 20 800 g for 1 min. The pellet was discarded and the cleared supernatant was assayed for luciferase activity. β-Galactosidase activity was used to monitor transfection efficiency (28) .
Immunostaining
Cells were seeded onto coverslips and transiently transfected as described above with 4.5 µg of the indicated ER71 construct. Twenty-four hours after transfection the cells were washed with PBS, incubated with 1% sucrose, 3.7% formaldehyde in PBS for 10 min, washed once with 0.1 M glycine in PBS, permeabilized with PBS containing 2% normal donkey serum, 0.4% Triton X-100 for 20 min, washed three times in washing buffer (0.2% bovine serum albumin, 0.1% Triton X-100, PBS) and incubated for 1 h with anti-HA (12CA5) or anti-Myc (9E10) murine monoclonal antibodies at room temperature. After incubation, cells were washed four times with washing buffer and incubated with fluorescein isothiocyanate-coupled donkey anti-mouse antibodies in the dark. The coverslips were then washed twice in washing buffer, stained with 4′,6-diamidino-2-phenylindole (0.5 µg/ml) for 5 min, washed twice in PBS, mounted onto slides and visualized under an inverted fluorescence microscope. To determine the percentage of nuclear localization, at least 100 transfected cells were counted. We classified the staining of each cell as mostly nuclear (>70% of nuclear staining), mostly cytoplasmic (>70% cytoplasmic staining) or evenly distributed throughout the cell.
In vitro transcription and translation
Transcription and translation reactions were carried out using a Promega T3 coupled TNT kit resulting in synthesized proteins labeled with [ 35 S]methionine. Quantitation of radioactive proteins on SDS-PAGE gels was done using a phosphorimager. Normalization of protein levels was done by taking into account the methionine content of each protein.
Electrophoretic mobility shift assays
Equimolar amounts of in vitro transcribed and translated ER71 constructs were incubated with 32 P-labeled probe for 1 h on ice in 10% glycerol, 15 mM Tris-HCl pH 8, 0.5 mM MgCl 2 , 1 mM EDTA, 25 mM NaCl, 0.1 µg/µl bovine serum albumin, 0.1 µg/µl poly(dI-dC)·poly(dI-dC). After incubation, samples were loaded onto a 5% polyacrylamide gel and protein-DNA complexes resolved by electrophoresis and visualized by autoradiography. Quantitation of radioactivity present in each DNA-protein complex was done with the help of a phosphorimager system. The 35 S signal was filtered out by inserting a transparent film between the dried gel and the phosphorimager screen. We then expressed these results as relative DNA binding activity in comparison with wild-type ER71. All results represent mean values derived from at least three independent experiments. 32 P-labeled probes were generated by annealing complementary oligonucleotide pairs and subsequently radiolabeled by filling in the resulting overhangs by incubation with Klenow enzyme and [α-32 P]dATP for 30 min at room temperature. Following incubation, the reaction was stopped with EDTA and the probes were purified on NucTrap columns (Stratagene) according to the manufacturer's instructions. Synthetic oligonucleotides derived from the E74-binding site contained wildtype (sense, 5′-AGCTTCTCTAGCTGAATAACCGGAAG-TAACTCATCG-3′; antisense, 5′-TCGACGATGAGTTACT-TCCGGTTATTCAGCTAGAGA-3′) or a mutant ETS-binding site (sense, 5′-AGCTTCTCTAGCTGAATAACC-CCAAGTAACTCATCG-3′; antisense, 5′-TCGACGAT-GAGTTACTTGGGGTTATTCAGCTAGAGA-3′). In addition, a probe was derived from the MMP-1 promoter (sense, 5′-TAATCAAGAGGATGTTATAAAGCATGAGTCAGAC-3′; antisense, 5′-CTGTCTGACTCATGCTTTATAACATCCTC-TTG-3′). Consensus ETS-binding sites are shown in bold, with mutated residues underlined.
Site-directed mutagenesis
ER71 mutants were generated by site-directed mutagenesis using Stratagene's QuikChange kit. We confirmed mutations by sequencing the entire coding region. After confirmation, we subcloned each mutant into the appropriate vector in order to ensure that no mistakes were inadvertently generated in the vector during the mutagenesis reaction.
RESULTS
ER71 is a constitutively nuclear protein
A prerequisite of transcription factors is that they are present in the nucleus in order to exert their function. To investigate the intracellular localization of ER71, Mv1Lu cells were transiently transfected with expression vectors of Myc-tagged, full-length and truncated ER71, and their localization within the cell assessed by indirect immunofluorescence microscopy. Full-length ER71 (amino acids 1-336) was exclusively nuclear in ∼94% of the transfected cells (Fig. 1, top left) , with <6% of the transfected cells displaying variable degrees of cytoplasmic staining in addition to nuclear staining. Nuclear localization of the C-terminal truncation ER71 (Fig. 1, top right) was significantly disrupted, with at least 60% of the cells having equal nuclear and cytoplasmic staining. The staining pattern of two other truncations, ER71 208-336 and ER71 , was identical to wild-type ER71 (Fig. 1, bottom panels) . These results indicate that the residues responsible for nuclear localization of ER71 are present between amino acids 208 and 315, which encompass the ETS domain. Similar results were obtained with another cell line, RK13, and with HA-tagged ER71 (data not shown).
Amino acids 276-315 are important for ER71 nuclear localization
Nuclear localization signals often consist of a cluster of basic amino acids flanked by non-polar residues (29) . Upon closer inspection of the ETS domain of ER71, we found that amino acids 276-283 may fit this standard. Additional clustered basic amino acids are between positions 284 and 315 and may be part of a bipartite nuclear localization signal (29) . Thus, several mutants (µ1-µ4, Fig. 2A ) were generated in order to determine whether these basic residues are required for nuclear localization of full-length ER71. Nuclear localization of all these ER71 mutants was significantly disrupted (Fig. 2B) . Mutants µ2 and µ3 exhibited the strongest disruption in nuclear localization, with ≥60% of the cells displaying comparable nuclear and cytoplasmic staining. Similarly, the staining of about half of all cells transfected with either the µ1 or µ4 mutant was evenly distributed between the nucleus and the cytoplasm. This is clearly distinct from wild-type ER71, in which ∼94% of cells displayed exclusive nuclear staining.
The amino acid changes introduced into mutants µ1-µ4 are within the ETS DNA-binding domain. Conceivably, disruption of nuclear localization observed with µ1-µ4 may be due to loss of DNA binding activity, which may normally sequester ER71 to the chromosomes. In order to exclude this possibility, we tested the DNA binding properties of the ER71 mutants in electrophoretic mobility shift assays with a radioactively labeled E74 probe (Fig. 2C) , which is specifically bound by ER71, as shown in Figure 3B . Mutant µ1 lost its ability to bind DNA. This finding was not unexpected, since both of the mutated residues in µ1 (K279 and K281) are highly conserved in ETS proteins and known to contact the phosphate backbone of DNA (2) . Furthermore, the µ2 and µ4 mutants displayed severely impaired DNA binding (Fig. 2C) . However, the µ3 mutant of ER71 was capable of binding DNA relatively well (∼50% of wild-type DNA binding activity), implying that nuclear localization of ER71 is not due to sequestration by chromosomal ETS-binding sites.
To further confirm that residues found within positions 276-315 of ER71 are important in nuclear targeting, we fused ER71 amino acids 276-283 and 276-315 to the C-terminus of GFP. Due to poor expression of GFP-ER71 constructs in Mv1Lu cells, these were transiently transfected into RK13 cells. GFP alone was evenly distributed throughout the cell, while both GFP-ER71 276-283 and GFP-ER71 276-315 displayed a primarily nuclear staining (Fig. 2D) . Although ER71 amino acids 276-283 are sufficient for some nuclear targeting, a more pronounced, nearly exclusive nuclear localization was observed with GFP-ER71 276-315 , suggesting that amino acids Please note that upon resequencing of the murine ER71 cDNA, an additional codon, which is missing in the originally published sequence, was noticed at position 24, resulting in an extra glutamic acid residue. Thus, the total number of amino acids in ER71 is 336, and not 335.
within positions 284-315 may enhance the strength of the nuclear localization signal of the 276-283 region. Altogether, these experiments demonstrate that ER71 is efficiently targeted to the nucleus by amino acids 276-315.
DNA binding properties of ER71
ETS transcription factors bind to specific sequences within promoter elements that contain the core motif 5′-GGA(A/T)-3′ (2). Consistently, ER71 has been shown to be capable of binding oligonucleotides containing this motif (6) . Here, we established that ER71 can also bind to the E74 site, which has been documented to be bound by several ETS factors with very high affinity (28, 30, 31) . As shown in Figure 3B , in vitro transcribed and translated full-length ER71 was able to bind to the radioactively labeled E74 oligonucleotide and retard its migration in a native gel. This interaction was abolished by addition of an excess of unlabeled E74 competitor, while a similar probe with a mutated ETS-binding site (mE74) was unable to disrupt this interaction. Incubation with a specific anti-ER71 antibody (raised against amino acids 161-191), but not with corresponding preimmune serum, resulted in a supershift, further corroborating that ER71 was indeed responsible for retarding migration of the E74 probe (Fig. 3B ). In conclusion, ER71 specifically binds to the E74 site.
Because intramolecular modulation of DNA binding has been demonstrated to be an important regulatory mechanism of transcription factors, including several ETS proteins (31-34), we decided to investigate whether ER71 possesses domains that modulate DNA binding. To this end, we in vitro transcribed and translated several ER71 truncations (see Fig. 3A ) and measured their ability to bind the E74 site in electrophoretic mobility shift assays. Truncation of 54 or 83 amino acids from the N-terminus of ER71 enhanced DNA binding ∼2-fold over full-length ER71 (Fig. 3C and D) . Further deletion of N-terminal amino acids abrogated this effect, with ER71 158-336 and ER71 208-336 binding DNA comparably with the wild-type. Surprisingly, the DNA binding ability of ER71 , which lacks the last 21 amino acids but retains an intact ETS domain, was almost completely abolished. ER71 , which lacks the ETS domain, was included as a negative control and was not able to bind DNA. Altogether, these data show that the 
The ER71 transactivation domain
We next set out to elucidate whether ER71 contains regions with transactivation potential. To this end, we fused the DNAbinding domain of the yeast GAL4 protein to several regions of ER71. Plasmids encoding these GAL4-ER71 chimeras were transfected into 293T cells in order to assess their ability to activate a GAL4-binding site-driven luciferase reporter plasmid. Amino acids 1-293 fused to GAL4 activated transcription 8.5-fold more than GAL4 alone (Fig. 4A) . Deletion of further C-terminal amino acids in GAL4-ER71 and GAL4-ER71 1-157 led to much stronger levels of activation (up to 84-fold over GAL4), however, amino acids 158-206 appear not to play a significant role, since the levels of activation mediated by GAL4-ER71 and GAL4-ER71 1-157 were quite comparable. Control western blots indicate that these effects were not due to different levels of protein expression (Fig. 4C) . Thus, our results indicate the presence of an extremely potent N-terminal transactivation domain in ER71 spanning amino acids 1-157, which appears to be negatively regulated by amino acids C-terminal of position 206.
We then tested the impact of these C-terminal amino acids of ER71 on gene transcription. Indeed, GAL4-ER71 208-336 was unable to activate transcription, rather repressing it by more than half (Fig. 4B) . Deletion of a great part or the whole of the ETS domain in GAL4-ER71 293-336 or GAL4-ER71 315-336 alleviated this repression. Again, these effects appear not to be due to different levels of protein expression (Fig. 4C) . We conclude that amino acids 208-293 are capable of repressing transcription.
ER71 activates transcription from the E74 site
We next analyzed the impact of ER71 expression on an artificial promoter consisting of three copies of the E74 site fused to a basal promoter and the luciferase gene (E74 3 -tk80-Luc reporter). Full-length ER71 was able to activate transcription ∼3-fold (Fig. 5A) , whereas it failed to significantly activate the tk80-Luc reporter containing no E74 site (Fig. 5C) . Consistent with the data obtained with the GAL4-ER71 chimeras, progressive truncation of amino acids from the N-terminus (84-336, 158-336 and 208-336) resulted in a concomitant loss of transactivation potential (Fig. 5A) . ER71 , which lacks a DNA-binding domain, was unable to activate transcription. Finally, the ability of ER71 to activate transcription was significantly impaired when compared with the wild-type, probably as a result of its decreased DNA binding ability. Since comparable levels of wild-type and truncated ER71 were expressed (Fig. 5B) , the differences in transactivation potential are not due to different protein levels.
Activation of the matrix metalloproteinase-1 (MMP-1) promoter by ER71
Next, we wanted to assess the ability of ER71 to activate transcription in a more natural context. To this end, we utilized the promoter of the MMP-1 gene, whose regulation by ETS factors has been previously shown to occur primarily through an ETS site centered around positions -88 to -85 (35, 36) . The respective sequence is 5′-AGAGGATGTT-3′ and matches relatively well the optimal DNA-binding site for ER71, 5′-(G/ C)(G/C)(C/A)GGA(A/T)(G/A)(T/C)C-3′ (6).
Indeed, ER71 was able to bind a radioactively labeled oligonucleotide containing the -88 to -85 ETS core site of the Immunoblot with antibodies directed against the GAL4 DNA-binding domain demonstrating comparable levels of expression of the different GAL4-ER71 fusions. In order to be above the detection limit of our western blotting procedure, the amounts of expression vector were all raised 100-fold over those employed in (A) and (B). MMP-1 promoter (Fig. 6 ). This interaction of ER71 with the wild-type MMP-1 oligonucleotide could be abolished by incubation with unlabeled E74 competitor, but not by the mutated E74 oligonucleotide, and addition of an anti-ER71 antibody supershifted the ER71-DNA complex. As expected, ER71 , which lacks an ETS domain, failed to interact with the MMP-1 promoter. Two non-specific bands were also observed (Fig. 6, asterisks) , due to complexes formed between the MMP-1 oligonucleotide and proteins found in the reticulocyte lysate used to produce ER71 in vitro. These results show that ER71 specifically binds to the -88 to -85 ETS site in the MMP-1 promoter.
In order to investigate whether ER71 could activate the MMP-1 promoter, we co-transfected Mv1Lu cells with an ER71 expression vector and either a wild-type MMP-1 luciferase reporter construct or one containing a mutated ETS-binding site. ER71 was able to activate the wild-type MMP-1 promoter ∼7-fold (Fig. 7A, black bars) . Mutation of the -88 to -85 ETS core in the MMP-1 promoter severely reduced this activation (Fig. 7A, grey bars) , yet did not abolish it. This residual transcriptional activation mediated by ER71 is most likely due to additional sequences in the MMP-1 promoter that can act as secondary ETS-binding sites and accommodate (low affinity) ER71 binding (35) . Altogether, these observations clearly indicate that ER71 activates the MMP-1 promoter predominantly through the -88 to -85 ETS-binding site.
We next wished to correlate the ability of ER71 to stimulate the MMP-1 promoter with the presence of the N-terminal activation domain. Indeed, partial or complete deletion of the N-terminal activation domain reduced the ability of ER71 to activate transcription: the activity of ER71 84-336 was less than half of full-length ER71, and ER71 158-336 and ER71 208-336 transcription levels were further lowered to those obtained with vector alone (Fig. 7B) . Similarly, ER71 was unable to raise transcription levels, probably due to its inability to efficiently bind DNA. Furthermore, the ER71 1-206 protein slightly repressed transcription, which may be due to the sequestration of limiting basal transcription factors by the strong N-terminal activation domain of ER71.
Finally, we assessed the ability of ER71, which is testis specifically expressed (6) , to activate the MMP-1 promoter in a testis cell line, MLTC-1, which is derived from murine Leydig cells. Similarly as for Mv1Lu cells, ER71 was able to activate the MMP-1 luciferase reporter in MLTC-1 cells, and mutation of the -88 to -85 ETS core site abrogated this effect (Fig. 7C) . Altogether, our results demonstrate that ER71 is capable of binding to and activating the MMP-1 promoter and that this activation is dependent on the presence of its strong N-terminal activation domain.
DISCUSSION
In this report, we have functionally dissected the ETS protein ER71 and demonstrated that it is a constitutively nuclear protein, possesses a transactivation domain and is capable of binding to and activating transcription from both the E74 site and the MMP-1 promoter.
Nuclear targeting of ER71 is mediated by amino acids 276-315, which are part of the ETS domain. In particular, mutation of four consecutive basic amino acids in the sequence 276 GERKRKPG 283 , which is similar to the paradigmatic SV40 large T antigen nuclear localization signal, PKKRKV (29, 37, 38) , disrupts nuclear localization, suggesting that these eight amino acids constitute a nuclear localization signal. Consistently, fusing these amino acids to GFP results in nuclear accumulation of GFP. Interestingly, these eight amino acids are also homologous to motifs that have been implicated in nuclear targeting of Ets-1 (GKRKNKPK) and Elk-1 (GLRKNKTN) (30, 39) , suggesting that they may be a conserved feature of ETS proteins. However, nuclear localization is not only determined by amino acids 276-283, since mutation of basic residues within positions 284-315 also disrupts nuclear localization. Consistently, whereas GFP-ER71 276-283 is not exclusively nuclear, GFP-ER71 276-315 is completely localized to the nucleus, indicating that regions 276-283 and 284-315 collaborate in nuclear localization of ER71.
It is possible that amino acids 276-283 and 284-315 form a bipartite nuclear localization signal, which has been observed in nucleoplasmin, DNA helicase Q1, HIV-1 integrase and pRB In vitro transcribed and translated ER71 was incubated with a 32 P-labeled probe derived from the MMP-1 promoter. DNA-protein complexes were resolved by electrophoretic mobility shift assays. Where indicated, excess unlabeled E74, mutated E74, anti-ER71 antibodies or preimmune (P.I.) serum was included during the DNA binding reaction. Non-specific bands are marked by asterisks. (29, 40) . The existence of a bipartite nuclear localization signal would be supported by our analysis of the published crystal structure of Ets-1 with the aid of RasMol software, revealing that basic residues homologous to those found within ER71 amino acids 276-315 are roughly arranged into two clusters separated by the DNA-binding motif (not shown). Recently, it has been suggested that some nuclear localization signals may be tripartite in nature (41) or may be rather large, as is the case of the BIB domain responsible for nuclear import of ribosomal proteins (42) . Whichever is the case for ER71, the relevant sequence and structural requirements for nuclear localization of ER71 are contained within amino acids 276-315.
Some ETS factors can autoregulate binding of their ETS domain to DNA (31, 34) . In line with this, truncation of ER71 amino acids 1-54 resulted in an ∼2-fold enhancement of DNA binding. More drastically, deleting the C-terminal amino acids 316-336 almost abolished the DNA binding activity of ER71, in stark contrast to observations made with the ETS factors Ets-1 and PEA3, where either truncation of amino acids C-terminal of the ETS domain or incubation with an antibody directed towards this region enhanced DNA binding (31, 34, 43, 44) .
Analysis of GAL4-ER71 fusions revealed the presence of a highly potent N-terminal activation domain spanning amino acids 1-157 capable of activating transcription 84-fold. The transactivation potency of this domain is comparable with that of GAL4-Herpes virus protein 16, the paradigm of potent transcriptional activators (45, 46) . The high effectiveness of the N-terminal ER71 activation domain is unusual, since ETS factors in general possess weak activation domains, although some are considerably activated by mitogenic or stress signals (1) (2) (3) . Previous reports show that the DNA-binding domain of several ETS proteins (28, (47) (48) (49) (50) or regions outside their ETS domain (44, 50, 51) negatively impact on transactivation. Similarly, GAL4-ER71 1-293 is ∼10-times less active than GAL4-ER71 . Consistently, our results indicate that amino acids 208-293, which encompass the majority of the ETS domain of ER71, constitute a repression domain. It is possible to envisage a situation where binding of ER71 to a target sequence as well as to interacting proteins derepresses the transactivating region, as has been suggested for the ETS proteins Elk-1, Sap-1a and Ets-1 (13, 52) .
ER71 was able to strongly activate the MMP-1 promoter as well as an artificial reporter driven by three E74 sites. Indeed, ER71 is capable of binding specifically to the E74 site as well as to an ETS core site at position -88 to -85 of the MMP-1 promoter, which has been previously shown to be crucial for MMP-1 activation by the ETS proteins Erg, Ets-1, Fli-1 and ER81 (35, 36, 53) . The ability of ER71 to activate the MMP-1 promoter was dependent on its N-terminal activation domain. On the other hand, the MMP-1 promoter was slightly repressed by the ER71 truncation, which encompasses the strong N-terminal activation domain but lacks the ETS DNA-binding domain. It is highly possible that this repressive effect is due to the sequestration of limiting co-factors by the N-terminal activation domain, thus suppressing basal MMP-1 transcription. This mechanism of squelching, which was initially identified with the GAL4 protein (54) , has also been observed with other transcription factors, including nuclear hormone receptors, p53, E2F and Ets-2 (55) (56) (57) (58) .
ER71 is a remarkably unique ETS factor; searches of current databases show that, aside from its ETS domain, ER71 has no homology to any other known protein. This observation, in conjunction with the fact that expression of ER71 appears to be restricted to testes in the adult mouse (6) , raises the exciting possibility of an important, unique function for ER71. Indeed, our results showing the ability of ER71 to activate the MMP-1 promoter points to a possible role of ER71 during spermatogenesis, when extensive tissue remodeling, which is dependent on matrix metalloproteinase activity, occurs (59, 60) . In addition, ER71-mediated up-regulation of the MMP-1 gene may play a role in seminoma cells, where enhanced MMP-1 expression is correlated with their metastatic potential (61) .
